Aims/hypothesis. Our aim was to define the level of glycaemia at which pancreatic insulin secretion, particularly first-phase insulin release, begins to decline. Methods. Plasma glucose and insulin concentrations were measured during an IVGTT in 553 men with non-diabetic fasting plasma glucose concentrations. In 466 of the men C-peptide was also estimated. IVGTT insulin secretion in first and late phases was assessed by: (i) the circulating insulin response; (ii) population parameter deconvolution analysis of plasma C-peptide concentrations; and (iii) a combined model utilising both insulin and C-peptide concentrations. Measurements of insulin sensitivity and elimination were also derived by modelling analysis.
Introduction
The respective roles of insulin deficiency and insulin resistance in the development of Type 2 diabetes mellitus remain controversial [1, 2] . In response to a glucose stimulus, two phases of insulin secretion may be distinguished [3] . The first occurs as an immediate response to a rise in blood glucose concentrations. Low first-phase insulin release is an early abnormality in deteriorating glucose homeostasis and predicts the subsequent development of Type 2 diabetes [4, 5, 6, 7] . Late-phase insulin release is more prolonged, but of lesser amplitude. It includes the progressively increasing second phase of insulin secretion seen in response to sustained hyperglycaemia [3] , and also the compensatory insulin secretion that is the feedback response to a continued increase in circulating glucose. This late-phase insulin secretion may seem to be preserved even when glucose metabolism is defective, but insulin levels are low relative to the prevailing blood glucose concentration [8] . Recently, it has been suggested that the substantial extraction of newly secreted insulin that takes place in the liver [9, 10, 11] might be a factor in the control of plasma insulin concentrations and glucose homeostasis [12, 13] .
The cut-off limit for defining diabetes-a fasting plasma glucose (FPG) concentration of 7.0 mmol/lwas selected with reference to risk of microvascular disease [14, 15] . Impaired fasting glucose (FPG 6.1 to <7.0 mmol/l) was selected with reference to risks of Type 2 diabetes [16] and coronary heart disease [17] . However, a recent prospective analysis of subjects in whom FPG levels were initially below 6.1 mmol/l suggested an optimal FPG cut-off of 5.4-5.5 mmol/l for identifying those at risk of Type 2 diabetes (in the following 5 years) [18] . This suggests that beta cell failure may begin at FPG levels conventionally considered normal, and support for this comes from previous studies on the relationships between glycaemia and insulin concentrations [8, 19, 20 ]. However, the FPG level at which insulin secretion begins to decline has yet to be defined precisely and the relative contributions of first-phase and late-phase insulin secretion, insulin sensitivity and insulin elimination to variation in glucose homeostasis and plasma insulin concentrations in non-diabetic glucose homeostasis have yet to be fully elucidated.
Previous studies have generally inferred pancreatic insulin secretion from insulin concentrations. Substantial and variable uptake of newly secreted insulin by the liver, a short but variable plasma half-life for insulin and variation in the distribution space for insulin may each have had a confounding effect in such studies. We have, therefore, investigated relationships between glucose homeostasis, stimulated insulin secretion and insulin elimination and sensitivity in a large group of men with FPG levels in the non-diabetic range using four different approaches for quantifying pancreatic insulin secretion.
Subjects and methods
Design. The Heart Disease and Diabetes Risk Indicators in a Screened Cohort (HDDRISC) study is an open cohort study of metabolic risk factors for the development of coronary heart disease and diabetes mellitus (described in detail elsewhere [21, 22] ). The study derived from a company health programme in which, from 1971 to 2000, participants received a range of metabolic, clinical and laboratory evaluations. Participants in the programme underwent an IVGTT. The present analysis concerns the 553 white males who, between 1987 and 1997, underwent an IVGTT and who had an FPG of less than 7.0 mmol/l and were not known to have any abnormality of glucose metabolism. Full informed consent for the study was obtained in each case and local ethics committee approval was given.
Procedures. As preparation for the IVGTT, participants were instructed to consume more than 200 g/day of carbohydrate in their diet for 3 days before the test, to have fasted overnight (for at least 12 h), and to have taken only water and refrained from cigarette smoking on the morning of the test. Height and weight were measured and a clinical history was taken. An indwelling cannula was inserted into an antecubital vein in each arm. With the volunteer semi-recumbent, blood samples were taken for fasting plasma and serum measurements. All samples were kept on ice, plasma or serum was separated within 1 h of being taken and routine biochemical variables were measured on the same day. Plasma samples for measurement of insulin and C-peptide were frozen immediately. An intravenous glucose injection was then given (0.5 g glucose/kg body weight as a 50% w/v solution of dextrose, given over 3 min) via the cannula in the opposite arm to the sampling arm. Blood samples (10 ml) were then taken at 3, 5, 7, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150 and 180 min to measure plasma glucose, insulin and C-peptide.
Laboratory measurements. Plasma glucose concentrations were measured on the day of sampling by a glucose oxidase procedure [23] . Plasma insulin concentrations were measured on samples stored at −20°C by a radioimmunoassay procedure [24] . Plasma C-peptide concentrations were measured using the radioimmunoassay kit supplied by Guildhay (Surrey, UK). This kit ceased to be available before all IVGTT plasmas had been analysed. As a consequence, C-peptide measurements were made on only 466 of the 553 IVGTT subjects. Quality control was monitored with pooled plasmas kept in frozen store, commercially available lyophilised sera and by participation in national schemes (National External Quality Assurance Scheme [NEQAS] and Radioimmunoassay Quality Assurance Scheme [RIQAS]). Particular attention was given to maintaining long-term continuity of measurement with replicate assay of previously analysed samples held in frozen store, extensive comparisons when there was any change in assay methodology and examination of long-term measurement variation for any signs of assay drift. Within-and between-batch coefficients of variation ranged between 2 to 3% (plasma glucose), 4 to 6% (plasma insulin) and 7 to 9% (plasma C-peptide).
IVGTT modelling analysis. Insulin sensitivity (SI) and glucose effectiveness (SG; glucose-dependent glucose elimination rate at basal insulin concentration) were determined using the minimal model of glucose disappearance [25, 26] , with a model identification programme custom-written in Fortran 77. The relatively high glucose dose (0.5 g/kg) used by us provides for a high rate of model identification and good correlation with the reference euglycaemic clamp technique(r=0.92), without recourse to augmentation of insulin concentrations by tolbutamide or insulin injection [27, 28] . These modifications were, in any case, precluded in the present study, since endogenous late-phase pancreatic insulin secretion was to be measured.
Measures derived from plasma insulin concentration provide an index of pancreatic insulin secretion, but may be confounded by hepatic extraction of newly secreted insulin and by peripheral insulin elimination. Measures of pre-hepatic pancreatic insulin secretion were derived using C-peptide concentrations. C-peptide is secreted from the pancreas simultaneously and in equimolar quantities with insulin but is not taken up by the liver and, once in the peripheral circulation, has simpler distributional characteristics [29] . This has allowed effective working simplifications of C-peptide behaviour, which enable model-based estimates of the true pancreatic insulin secretion rate to be derived. The procedures used in the present study were:
1. Population parameter deconvolution. The volume of distribution of C-peptide and rate constants for the distribution of C-peptide in a two-compartment model are estimated using published regression equations relating these variables to age, body surface area and sex, and obesity and diabetes status [30] . These estimated parameters are then used in a deconvolution analysis in which the pancreatic insulin secretion rate profile responsible for the observed IVGTT plasma C-peptide concentration profile is calculated. 2. The combined model of pancreatic insulin secretion. This approach uses the IVGTT insulin and C-peptide profiles and exploits the fact that these derive from a common insulin secretion rate profile [9] . The analysis determines an index of fractional hepatic insulin throughput (f), the plasma insulin elimination constant (k i ), the plasma C-peptide elimination constant (k c ) and pancreatic insulin secretion rate per unit C-peptide distribution volume at successive time points during the IVGTT [31] . The simplifying assumptions are made that newly secreted insulin and C-peptide enter single compartments of distribution after passing through the liver and that hepatic uptake of newly secreted insulin during the IVGTT is constant. Percentage hepatic insulin extraction of insulin can be calculated as:
, where V i is the volume of distribution of insulin, estimated as 7% of body weight [32] and V c is the volume of distribution of C-peptide, estimated as 12.5% of body weight [9] . 3. The extended combined model of pancreatic insulin secretion. This resembles the combined model but incorporates a second compartment of C-peptide distribution [33] .
For a minimal model analysis to be acceptable, parameter estimates were required to be positive and have fractional standard deviations (FSDs) of less than 100%. For combined and extended combined model analyses to be acceptable, percent hepatic extractions and model parameters had to be positive and have FSDs of less than 500%. This relaxation of the conventional upper limit of 100% was allowed after a comparison of the behaviour of model parameters from acceptable identifications (no parameter with FSD >100%) with the behaviour of parameters from borderline identifications (any parameter with FSD 100-500%). Significant correlations between model parameters and measures that would be expected to be physiologically related to them were equally apparent with acceptable and borderline acceptable identifications (unpublished observations). This suggests that although model parameters with FSDs of 100 to 500% were associated with wide confidence intervals, they were, nevertheless, point estimates that behaved in an equivalent manner to model parameters from fully acceptable identifications. Occasional negative secretion rates returned in the pancreatic insulin secretion analyses were taken as zero.
Data analysis. The fasting plasma glucose concentration was expressed as the mean of two fasting measurements made before starting the IVGTT (mean fasting glucose, MFG). IVGTT glucose elimination was expressed as the k value: the slope of the regression line for the natural log of the IVGTT glucose concentrations between 20 and 60 min (we have found that this interval provides the best fit to a monoexponential decay curve with the relatively high glucose dose we use). The net increment in IVGTT insulin area under the curve was calculated using the trapezium rule. The net increments from 0 to 10 min and 10 to 180 min were taken as measures of first-phase and late-phase IVGTT plasma insulin response respectively. Net pancreatic insulin secretion during the IVGTT was similarly calculated from the model-derived estimates of pancreatic insulin secretion rates at each IVGTT sampling point. Firstphase pancreatic insulin secretion was estimated up to the minimum secretion rate encountered during the first 10 min of the IVGTT. Late-phase secretion was then the difference between net secretion and first-phase secretion. Statistical analyses were carried out using the STATA 6 statistical package (Stata, College Station, Tex., USA). For subsequent parametric statistical analysis, insulin sensitivity measures were square-root transformed [27] . Otherwise measures were log transformed, as appropriate, to normalise their distributions. Variation between insulin secretion, elimination and sensitivity and glucose homeostasis measures and demographic variables was explored by univariate and multiple linear regression analysis. Measures were standardised to the mean age and BMI of the groups using the regression coefficients from these analyses. Geometric means for age and BMI-standardised insulin secretion, elimination and sensitivity measures were derived within ranges of successively poorer glucose homeostasis as follows: MFG <4.75, 4.75-5.00, 5.00-5.25, 5.25-5.50, 5.50-5.75, 5.75-6.00, 6.00-6.25, 6.25-7.00 mmol/l; IVGTT k value: >2.4, 2.1-2.4, 1.8-2.1, 1.5-1.8, 1.2-1.5, 1.0-1.2, 0.8-1.0, <0.8 per min. Univariate correlations were explored using Pearson correlation coefficients. Prediction of fasting glucose concentrations and IVGTT k values was investigated by multiple linear regression analysis. Inflection points in the association between measures of insulin secretion and MFG were explored by change point regression analysis [34] . According to this technique, two linear models, predicting insulin secretion from MFG, are fitted to the data above and below a defined MFG threshold or change point, where the two regression lines meet. Variation in the residual sums of squares with variation in the value assigned to the defined threshold is explored and the threshold that achieves the minimum residual sums of squares is taken as the change point. This model is then tested against the single linear model to establish whether a significant improvement in fit has been achieved. The sensitivity of latephase pancreatic insulin secretion to the accompanying glucose stimulus was quantified as the coefficient for the regression of late-phase insulin secretion on the IVGTT incremental glucose area between 10 and 180 min, within each range of MFG and IVGTT k value.
Results
Group characteristics. These are shown in Table 1 . Of the 553 men, 13 were taking lipid-lowering agents, 14 beta blockers, 13 diuretics, 4 other blood-pressurelowering agents, and 9 uric-acid-lowering agents. Of the 553 IVGTTs, minimal model analysis was successful in 545 cases. Of the 466 IVGTTs for which C-peptide was measured, combined model results from 408 were available for statistical analysis, there being 58 outright model failures and 65 identifications associated with model parameter coefficients of variation of 100 to 500%. For the extended combined model, there were 95 outright model failures and 128 identifications associated with model parameter coefficients of variation of 100 to 500%. No further analysis was undertaken with results from the extended combined model.
Mean age and BMI, and age-and BMI-standardised means for SI, SG and insulin secretion and elimi-nation characteristics according to MFG and IVGTT k value category are shown in Tables 2 and 3 respectively. Regression analyses in which MFG and k are predicted by insulin secretion, sensitivity and elimination and age and BMI, with significances for each regression coefficient, are shown in Table 4 .
Associations with insulin sensitivity and glucose effectiveness. Categories of deteriorating glucose homeostasis (i.e. increasing MFG and decreasing k) displayed no marked trend in mean age-and BMI-standardised SI. Categories of deteriorating glucose homeostasis displayed a decreasing mean age-and BMIstandardised SG (MFG by 25% and k by 65%). In regression analysis, decreasing SG was a significant independent predictor of deteriorating glucose homeostasis (MFG and k both p<0.001).
Associations with insulin concentration measurements. Categories of deteriorating glucose homeostasis displayed an increasing mean age-and BMI-standardised net increment in IVGTT insulin concentrations. In regression analysis, increasing net increment in IVGTT insulin concentrations was a significant independent predictor of declining glucose homeostasis (MFG p<0.001 and k p<0.05). Categories of deteriorating glucose homeostasis showed a marked decline in mean age-and BMI-standardised IVGTT firstphase plasma insulin (MFG to 27% and and k to 22% of their highest values, i.e by 73% and 78% respectively). In regression analysis, decreasing IVGTT first-phase plasma insulin was a significant independent predictor of deteriorating glucose homeostasis (MFG and k both p<0.001). Categories of deteriorating glucose homeostasis showed an increase in mean age-and BMI-standardised IVGTT late-phase plasma insulin (MFG by 48% and k by 37%). In regression analysis, increasing IVGTT late-phase plasma insulin was a significant independent predictor of deteriorating glucose homeostasis (MFG and k both p<0.001). IVGTT first-phase and late-phase plasma insulin were inversely correlated (r=0.15, p<0.001).
Associations with pancreatic insulin secretion (population parameter deconvolution).
Categories of deteriorating glucose homeostasis showed an increase in mean age-and BMI-standardised net incremental IVGTT insulin secretion, assessed by population parameter deconvolution. In regression analysis, increasing net incremental IVGTT insulin secretion was a significant independent predictor of deteriorating glucose homeostasis (MFG p<0.05 and k p<0.001). Categories of deteriorating glucose homeostasis showed a marked decline in mean age-and BMI-standardised IVGTT first-phase secretion (MFG to 29% and k to 36% of their highest values, i.e. by 71% and 64% respectively). In regression analysis, decreasing IVGTT first-phase secretion was a significant independent predictor of deteriorating glucose homeostasis (MFG and k both p<0.001). Categories of deteriorating glucose homeostasis indicated an increase in mean ageand BMI-standardised IVGTT late-phase secretion (MFG by16% and k by 255%). In regression analysis, increasing IVGTT late-phase secretion was a significant independent predictor of deteriorating glucose homeostasis (MFG p<0.05 and k p<0.001). IVGTT first-phase and late-phase secretion by population parameter deconvolution showed no association (r=0.01, p=NS).
Associations with pancreatic insulin secretion (combined model).
Categories of deteriorating glucose homeostasis showed an increase in mean age-and BMIstandardised net incremental IVGTT insulin secretion, assessed by the combined model. In regression analysis, increasing net incremental IVGTT insulin secretion was a significant independent predictor of deteriorating glucose homeostasis (MFG and k both p<0.05). Categories of deteriorating glucose homeostasis showed a marked decline in mean age-and BMI-standardised IVGTT first-phase secretion (MFG to 32% and k to 46% of their highest values, i.e. by 68% and 54% respectively). In regression analysis, declining IVGTT first-phase secretion was a predictor of deteriorating glucose homeostasis (MFG and k both p<0.001). Categories of deteriorating glucose homeostasis showed an increase in mean age-and BMI-stan- dardised IVGTT late-phase secretion by the combined model (MFG to 53% and k to 342%). In regression analysis, increasing IVGTT late-phase secretion was a significant independent predictor of deteriorating glucose homeostasis (MFG p<0.05 and k p<0.001 respectively). IVGTT first-phase and late-phase secretion by the combined model were inversely correlated (r=0.33, p<0.001).
Associations with measures of insulin elimination.
Categories of deteriorating glucose homeostasis showed an increase in mean age-and BMI-standardised percentage of newly secreted insulin extracted by the liver (MFG by 14% and k by 29%). In regression analysis, the increasing percentage of newly secreted insulin extracted by the liver was a significant independent predictor of deteriorating glucose homeostasis (MFG p<0.05 and k p<0.01). Categories of increasing MFG showed a decrease in mean age-and BMI-standardised plasma insulin elimination rate (by 28%), but categories of decreasing k showed little variation in the rate of plasma insulin elimination. In regression analysis, a decreasing plasma insulin elimination rate was a significant independent predictor of increasing MFG (p<0.05).
Onset of decline in first-phase secretion.
Change point regression analysis identified the following inflection points: MFG 4.97 mmol/l for the first-phase IVGTT insulin concentration response (p=0.001); MFG 5.14 mmol/l for first-phase secretion by population parameter deconvolution (p=0.103); and MFG 5.42 mmol/l for first-phase secretion by the combined model (p=0.049). Up to these inflection points there was little change in first-phase secretion with MFG, but thereafter there was a near-linear decline. The rate of decline was calculated as 3.8, 4.2 and 4.5% per 0.1 mmol/l increase in FPG. Mean first-phase insulin output according to FPG category is illustrated for each method (Fig. 1) .
Sensitivity of late-phase secretion to glucose. The sensitivity, for all three measures, of late-phase insulin release to the accompanying glucose stimulus is shown in Table 5 . Coefficients for late-phase IVGTT insulin area and late-phase secretion by population parameter deconvolution were all significant (95% confidence intervals not including zero) in categories of MFG below 6.0 mmol/l. Above 6.0 mmol/l, coefficients in categories of MFG for all three measures of late-phase insulin secretion (IVGTT insulin area, population parameter deconvolution and combined model) were all lower than those for categories below 6.0 mmol/l and were non-significant. Accordingly, although the 95% confidence intervals for the coefficients in each range of MFG overlapped, there appeared to be a loss of sensitivity above MFG 6.0 mmol/l. No such trends in the sensitivity of late-phase insulin response to glucose were discernable across ranges of IVGTT k value.
Discussion
According to our findings, in men with non-diabetic fasting glucose levels, a marked decline in first-phase insuIin release begins at levels of FPG between 5.0 and 5.4 mmol/l, i.e. well within the normal range. At levels of FPG beyond 5.0 to 5.4 mmol/l, first-phase beta cell function is lost at a rate of 3.8 to 4.5% per 0.1 mmol/l increase in FPG. These observations extend existing knowledge of the role of low first-phase insulin secretion in declining glucose homeostasis, because they define, in a large sample, the range of FPG levels at which first-phase secretion begins to deteriorate. Our findings suggest that FPG provides a highly discriminatory index of declining beta cell function, since first-phase secretion began to decline in the range of 5.0 to 5.4 mmol/l and late-phase secretion at levels above 6.0 mmol/l. Moreover, no relationship was apparent between IVGTT glucose elimination and the sensitivity of late-phase insulin secretion to glucose, which is consistent with the idea that IVGTT glucose elimination is primarily determined by firstphase secretion. Our findings also demonstrate how the decline in beta cell function in the non-diabetic range of FPG occurs against a background of changes in insulin sensitivity that are primarily dependent on age and BMI. The decline in glucose effectiveness, SG, with deteriorating glucose homeostasis is more difficult to interpret on account of the artefactual dependency of this parameter on pancreatic insulin secretion [35] . Loss of pancreatic beta cell function in the first phase is, therefore, the critical factor in declining glucose homeostasis in the non-diabetic range of FPG. A new finding of this study is that insulin elimination, both hepatic and peripheral, changes with deteriorating glucose homeostasis. The key role of loss of first-phase insulin secretion in deteriorating glucose homeostasis has long been recognised [36, 37, 38] and the increased late-phase insulin secretion necessary to correct the initial deficit provided the original explanation for the hyperinsulinaemia seen in impaired glucose homeostasis. Subsequently, however, studies of the pathogenesis of Type 2 diabetes have focussed on reduced insulin sensitivity, interpreting the hyperinsulinaemia primarily in terms of a compensatory response to insulin resistance [39] . Our analysis re-emphasises the importance of loss of the first-phase insulin response, independent of any decline in insulin sensitivity, and is consistent with the original observations, albeit in smaller numbers, of a previous study [19] and with a recent large cross-sectional study of Japanese volunteers, in whom the early insulin response during an OGTT was evaluated [40] . However, pancreatic insulin secretion, insulin sensitivity and insulin elimination were not measured in these studies, nor was the onset of the decline in secretion analysed.
In our study, declining glucose homeostasis was primarily defined by FPG, and some of our participants may have had impaired glucose tolerance, or even diabetic OGTT glucose levels, despite having non-diabetic FPG. The IVGTT itself has, in the past, been used to assess glucose tolerance, with an IVGTT k value of less than 0.8 being taken as a diagnostic criterion for diabetes. Of the 553 individuals we studied, 27 had k values in this diabetic range, but their MFG values were broadly distributed throughout the nondiabetic range (results not shown). Our study was concerned with glucose homeostasis as a continuum, represented either by FPG or IVGTT k value. That continuum included a variety of categories of glucose tolerance. Nevertheless, it discerned distinct relationships between measures of glucose homeostasis and insulin secretion, although it will be important to confirm the inflection in first-phase secretion with larger numbers of individuals in the categories of most effective glucose homeostasis.
The combined model of pancreatic insulin secretion involves a number of simplifying assumptions, including constant hepatic uptake of newly secreted insulin, and the new interpretations of the relationships we observed between insulin elimination and glucose homeostasis will need to be confirmed experimentally. Nevertheless, a fat feeding experiment in animals showed an inverse relationship between hepatic insulin uptake and pancreatic insulin secretion, a finding which is consistent with our observation that percent hepatic insulin extraction increases with deteriorating glucose homeostasis [41] . Increased hepatic uptake of newly secreted insulin could help counteract the impaired suppression of hepatic gluconeogenesis accompanying a deficit in first-phase pancreatic insulin output. The significant decline we observed in plasma insulin elimination rate with deteriorating glucose homeostasis could also compensate for loss of insulin secretion. However, this association was not seen with the IVGTT k value and it should be noted that, rather than specific insulin, the assay used in our study measured total insulin immunoreactivity. Insulin concentration measures therefore included not only insulin but insulin propeptides. Possibly, as fasting glycaemia increased, insulin propeptides with longer half-lives comprised an increasing proportion of the total insulin secreted.
Despite embodying different principles and, in two instances, using completely different measurements (insulin alone or C-peptide alone), the different measures of insulin secretion explored by us provided similar estimates of the relative impairment in firstphase secretion as FPG increased. The reference method for clinical measurement of pre-hepatic pancreatic insulin secretion is deconvolution of plasma C-peptide concentrations using rate constants and volumes of distribution derived by two-compartment modelling of the decay of plasma C-peptide concentrations after a bolus injection of synthetic C-peptide [42, 43] . In a recent methodological comparison, both the combined model and population parameter deconvolution approaches to estimating pancreatic secretion rates provided secretion measures which were consistent with those from the reference method [44] . Comparison of secretion estimates from the two methods is nevertheless problematic, given that the population parameter approach utilises regression coefficients derived from C-peptide concentrations measured at single centre and that combined model measurements depend on the relative accuracy of the C-peptide and insulin measurements. There may be considerable variability in these measurements. Moreover, the two methods differ in the way in which the C-peptide volume of distribution is calculated and the way in which the distribution of C-peptide is described. Equivalence in estimates of absolute secretion rates between the two methods is, therefore, not assured, and we in fact did find some differences. Nevertheless, the different secretion estimates provided for a virtually identical account of glucose homeostasis.
It is also noteworthy that the combined model was associated with a relatively high failure rate. Two contributing factors may have been: (i) the reduced sampling schedule we used; and (ii) a phenomenon we have encountered previously, whereby, in certain IVGTTs, molar concentrations of insulin and C-peptide are unexpectedly similar at the outset of the IVGTT, which tends to result in negative estimates for percent hepatic insulin extraction and therefore model failure [45] . The combined model also returned appreciably lower IVGTT secretion estimates, specifically during the late phase.
In summary, in men without diabetes, a decline in the first phase of the insulin response to glucose is a key feature of deteriorating glucose homeostasis and this commences at levels of glycaemia well within conventional normal limits. FPG levels provide a discriminatory index of the loss of beta cell function, with deterioration in first-phase response becoming apparent at FPG levels between 5.0 and 5.4 mmol/l and in late-phase insulin release at levels above 6.0 mmol/l. Novel observations, which will require further study, are an increase in the proportion of newly secreted insulin taken up by the liver with declining glucose homeostasis and a decline in the plasma insulin elimination rate with increasing fasting glycaemia.
